A femtosecond pulsed laser system has been installed at the BL25SU soft x-ray beamline at SPring-8 for time-resolved pump-probe experiments with synchronization of the laser pulses to the circularly polarized x-ray pulses. There are four different apparatuses situated at the beamline; for photoemission spectroscopy, two-dimensional display photoelectron diffraction, x-ray magnetic circular dichroism ͑XMCD͒ with electromagnetic coils, and photoelectron emission microscopy ͑PEEM͒. All four can be used for time-resolved experiments, and preliminary investigations have been carried out using the PEEM apparatus to observe magnetization dynamics in combination with XMCD. In this article, we describe the details of the stroboscopic pump-probe XMCD-PEEM experiment, and present preliminary data. The repetition rate of the laser pulses is set using a pulse selector to match the single bunches of SPring-8's hybrid filling pattern, which consists of several single bunches and a continuous bunch train. Electrons ejected during the bunch train, which do not provide time-resolved signal, are eliminated by periodically reducing the channel plate voltage using a custom-built power supply. The pulsed laser is used to create 300 ps long magnetic field pulses, which cause magnetic excitations in micron-sized magnetic elements which contain magnetic vortex structures. The observed frequency of the motion is consistent with previously reported observations and simulations.
I. INTRODUCTION
Investigating dynamical properties in matter, crystallographic modification, 1 phase transition, 2 electron or spin transport, 3 spin motion, 4 magnetization reversal, 5 and so on, currently attract attention not only for understanding basic science but also for use in various applications. Due to a rapid expansion of information communications, ultrafast magnetization dynamics in micron-sized magnetic elements is now one of the issues which relates to the development of faster data storage devices which store data with high density. Hard disk drives are one of the main components used to store data, with information stored and retrieved in small magnets by applying magnetic field ͑write and read heads͒. The reading and writing speeds are directly related to the speed at which the magnetization direction of the magnetic cells in the disk and head can be changed. Magnetic random access memory is one of the most promising candidates for the next generation of memory devices, and offers the big advantage of nonvolatility. There remain, however, difficulties in aligning magnetic cells with sufficient density, and achieving adequate operation speeds.
Ultrafast dynamics measurements became popular with developments in ultrafast laser technology and its combination with the pulsed nature of synchrotron x-ray makes it an even more powerful technique. Using synchrotron x-rays as the probe light has some advantages compared to other nonvariable energy light sources. One of the strong advantage of synchrotron radiation is that there is a large magnetic dichroic signal by circularly polarized x-rays from the L absorption edges of 3d transition ferromagnetic metals which are commonly used for recording devices, and one can obtain magnetic signal with element selectivity. Furthermore, the use of microscopy ͓such as photoelectron emission microscopy ͑PEEM͔͒ allows for quick magnetic domain imaging with a high lateral resolution.
In this present article, we introduce our currently developed time-resolved experimental setup with synchronization of femtosecond laser pulses to circularly polarized x-ray pulses from the beamline BL25SU at SPring-8. There are four different apparatuses situated at the beamline; for photoemission spectroscopy, 6 two-dimensional display-type photoelectron diffraction, 7 x-ray magnetic circular dichroism ͑XMCD͒ with electromagnetic coils, 8 and PEEM. 9 All four can be used for time-resolved experiments, but preliminary investigations have been carried out using the PEEM apparatus to observe magnetization dynamics in combination with XMCD. In the following section, the details of the stroboscopic pump-probe XMCD-PEEM experiment are described, and in Sec. III, preliminary data are presented. The pulsed laser is used to create 300 ps long magnetic field pulses, which cause magnetic excitations in micron-sized magnetic elements which contain magnetic vortex structures. The observed frequency of the motion is consistent with previously reported observations and simulations. Similar experiments have also been performed at other synchrotron light sources.
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II. EXPERIMENTAL DETAILS
We have constructed a stroboscopic pump-probe XMCD-PEEM system at the beamline BL25SU at SPring-8. We use a magnetization imaging technique offering with time, lateral, and elemental resolutions.
BL25SU is a soft x-ray beamline covering the photon energy range of 120-2000 eV. The twin helical undulator provides left-or right-circularly polarized x-rays, and the helicity can be periodically switched at 1 or 0.1 Hz using kicker magnets. 16 A PEEM apparatus using electrostatic lenses ͑PEEMSPECTOR͒, produced by Elmiteck GmbH, is attached to the beamline, and allows the imaging of magnetic domain patterns in combination with XMCD. The lateral resolution is around 100 nm. 9 For magnetic domain imaging with XMCD-PEEM, 0.1 Hz switching is used. In this mode, the helicity is left or right for 4 s and it takes 1 s to switch to the other helicity. In-house software, developed for the timeresolved experiments, exposes the charge coupled device ͑CCD͒ camera for 3.8 s to left-and right-circularly polarized x-rays, respectively, by triggering the signal from the kicker magnets. After a certain cycle of imaging with left-or rightpolarized x-rays, the program displays a subtraction image from one to the other to enhance the XMCD. The exposure time required to obtain images with sufficient statistical accuracy depends on the XMCD intensity. For the sample, we investigate for this time-resolved experiment ͑Fe 20 Ni 80 without a capping layer͒ it was around 100 s, using the Fe-L 3 absorption edge. The 1 Hz switching is used for total yield and transmission XMCD measurements using the XMCD machine 8 attached to the beamline, and 10 Hz switching will be available in the future.
The time evolution of magnetic domain structures is obtained by using a pump-probe method. The probe light is the circularly polarized x-ray pulse. The temporal resolution is ϳ100 ps limited by the jitter ͑ϳ60 ps͒ and the width ͑ϳ40 ps͒ of x-ray pulses. The electronic jitter is as small as 3 ps described later. The storage rings of other synchrotron facilities, BESSY, SLS, and ALS, operate one single-bunch mode or hybrid mode ͑one well isolated single-bunch in multibunch mode͒, which are suitable for time-resolved experiments because the time separation of bunches are long and each bunch contains high current. The storage ring of SPring-8, however, operates with complicated bunch filling modes, and it is necessary to choose carefully a suitable mode for time-resolved experiments. At SPring-8, generally, there are six types of bunch filling modes which x-ray users can choose. Three of these are multi-bunch-train modes, not favorable for time-resolved experiments since the width of the trains becomes the time resolution. Another is a fundamental mode in which the ring is filled with 203 single bunches with 23.6 ns time separation. This is not suitable for the present experiment either because the bunch separation is too short to allow the magnetic elements to come back to their ground states. The other two modes are composed of multiple single bunches and one bunch train, and are used here for the time-resolved XMCD-PEEM experiments. Because of other beamline's purposes, the storage ring has to be operated with 100 mA total ring current, and bunch trains are there to ensure this. One of the two modes operated in the second half of the year 2007 is shown in Fig. 1 . 12 single bunches containing 1.6 mA are separated by 342.1 ns ͑rep-etition rate of 2.92 MHz͒ and there is one 342.1 ns long bunch train. The single bunches are used for the probe.
The pump light is the femtosecond laser pulse. The laser system is composed of a 5 W continuous laser ͑Millennea Pro͒ as a source and an oscillator ͑Tsunami͒, produced by Spectra Physics Co. Ltd. The repetition rate of the femtosecond laser pulse is 84.75 MHz, which is 1 / 6 of the radio frequency ͑rf͒ from the accelerator. The wavelength of the laser is 800 nm and the peak power is a few nanojoules. Using a pulse selector ͑model 3980͒, the repetition rate of the laser pulse can be varied arbitrarily, and for the present experiment, the rate is tuned to the same as the rate of the single bunches ͑2.92 MHz͒.
The bunch trains do not provide time-resolved signals; thus, the electrons projected by the trains must be eliminated. In this type of PEEM, all the lenses, the channel plate, and the fluorescence screen are operated with a bias voltage of 5 kV. Therefore, the channel plate voltage to amplify the number of electrons, V CP ͑usually hundreds of volts͒, is added to 5 kV. Our custom-built power supply works to drop the voltage periodically by V CP from 5 kV+ V CP with synchronization to the bunch trains. In Fig. 2, we show the   FIG. 1 . ͑Color online͒ Diagram of the pump-probe system. The timing system is triggered by the rf signal and distributes output signals to ͑1͒ the custom build channel plate power supply, which works to eliminate the electrons ejected by the bunch trains, ͑2͒ the oscillator, and ͑3͒ the pulse selector which reduce the frequency of laser pulse to the same as single bunch's one. Spin motion in magnetic dots fabricated on the stripline is excited by an external field created by current flowing in the stripline.
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evaluation of the power supply. The y axis is the PEEM image intensity and the x axis is the delay between the bunch train and a period of channel plate voltage being off. When these two do not overlap ͓I in Fig. 2͑a͔͒ , the CCD camera detects almost the full intensity. By delaying, two start to overlap ͑II͒ and the intensity starts to decrease. When the two completely overlap, all the electrons from the bunch trains are blanked out. The intensity is only from the single bunches, leading to the lowest intensity ͑III͒. In Fig. 2͑b͒ , there is an enlarged view of ͑a͒ in the range the two overlap.
One can see cornered changes in the intensity at around 2600 and 2880 ns where the channel plate voltage starts to not completely block the trains. This shows that the blanking voltage works well, and according to rate of the intensity attenuation, the extinction ratio is nearly 100%. The power supply can be also used to open a gate for electrons by increasing V CP . This mode will be used when we use a regenerative amplifier which has been installed to BL25SU. The intense laser pulses ͑peak power ϳ100 J͒ provided by the amplifier are necessary to cause photoinduced ͑magnetic͒ events in a sample. The repetition rate of the amplifier is set for 5 kHz, which corresponds to 41 turns of the storage ring, and the pulsing V CP can be also synchronized.
A trigger and clock delay module designed and developed by Tanaka ͑RIKEN͒ and Ohshima ͑SPring-8/JASRI͒ ͑Ref. 17͒ made the experiment simple and precise. The timing system is triggered by the rf signal ͑508.58 MHz͒ and distributes three output signals. One is used for triggering the channel plate power supply. The repetition rate and the delay time can be set arbitrarily. The remained two signals are used for the laser system; the laser oscillator and the pulse selector. The repetition rates can be independently set for those two signals. The delay time can be simultaneously changed for both of the signals with a resolution of less than 1 ps over a range of more than 200 ns. The time jitters of the output signals relative to the rf signal are better than 3 ps. The module can be connected to a LAN, allowing the fully automated acquisition of movies of magnetization dynamics.
III. SPIN DYNAMICS IN MICRON-SIZED MAGNETIC DISKS
The sample we used to characterize our experimental setup consisted of Fe 20 Ni 80 ͑FeNi͒ disks 6 m in diameter, fabricated onto a Au stripline, 10 m in width and 100 nm in thickness. When the thickness of patterned magnetic elements is less than their radius, and there is negligible magnetic anisotropy energy, elements show closure magnetic patterns to minimize the stray field energy, the so-called magnetic vortex structure. 18, 19 In the middle of the elements, however, is an "up" or "down" out-of-plane magnetic component 20 to reduce the exchange energy ͓see Fig. 3͑c͔͒ . In our experiment, the excitation energy to cause a magnetic event, i.e., a shifting of the cores from the middle of the disks, is provided by the external field pulse created by the femtosecond laser pulse. The field was created in the following way, similarly to experiments performed at other synchrotron radiation facilities. [10] [11] [12] [13] [14] [15] A fast photodiode is connected to the stripline and inversely biased to 10 V. Irradiation of the photodiode by the femtosecond laser pulses causes an electric current to flow in the stripline. This creates external field pulses around the line, which acts on the spins in the disks, resulting in the shift of the core positions. The cores move in a direction perpendicular to the field direction. 21 The time zero at which the current pulse through under the magnetic elements and the x-ray pulse hit the elements and the shape of the field pulse were obtained by the shift of a morphological structure. Since the PEEM detects electrons ejected from the sample surface, the magnetic field around the sample distort the images even with the electrons being strongly accelerated by 15 kV from the specimen to the objective lens. As a consequence, the images shift perpendicular to the field direction, i.e., along the stripline, during the field pulse. Figure 3͑a͒ shows an absorption contrast of two FeNi disks on the stripline, in which, the x-ray photon energy is 5 eV below the Fe-L 3 absorption edge to see the shape of the disks clearly. The PEEM absorption images were taken with a 50 ps delay increment, and one region indicated with a red rectangular box in Fig. 3͑a͒ from each image is clipped and lined up with the delay ͓Fig. 3͑b͔͒. At around 0.5 ns, one can see the start of the shift, and the width of the field was around 300 ps ͑full width at half maximum͒. The field FIG. 2 . ͑Color online͒ Evaluation of the pulsing of the channel plate voltage power supply. The y axis is the PEEM image intensity and the x axis is the delay between the bunch train and the period of the channel plate voltage being off. When the two do not overlap ͑I͒, the CCD camera detects almost all electrons, leading large intensity. When they start to overlap ͑II͒ with the delay, the intensity starts to decrease. The lowest intensity is observed when the two completely overlap. ͑b͒ is an enlarged view of the bottom part of ͑a͒. The intensity is recorded in 4 ns steps.
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Spin dynamics imaging in magnetic disks Rev. Sci. Instrum. 79, 063903 ͑2008͒ strength could not be accurately estimated just by taking into account the stripline width, dc current in the line, pulse width, and repetition rate. Because there are small ringings after the field pulse, possibly due to reflections of electric current in the circuit. The pulse selector does not perfectly blind the unwanted laser pulses. Especially, one before and one after the selected pulse is attenuated only to ϳ5%. These effects seem to be, however, negligibly small enough not to affect the dynamics. Improvements in the quality of the pulse shape are still required. Snapshots of the spin motion of an FeNi disk in a 200 ps steps are displayed in Figs. 3͑c͒-3͑g͒ , in each image, the stripline lies from top to bottom. The orange, green, red, and black arrows in Fig. 3͑c͒ indicate the magnetization of the vortex structures, core polarization, incidence direction of x-ray, and external field directions, respectively. The magnetic structure just before the field pulse is shown in Fig.  3͑c͒ . The core is at the middle of the disk. Through ͑c͒-͑g͒, one can see the core moves upward, i.e., perpendicular to the field direction so along the stripline, during the field pulse. The direction of the core motion depends on the spin structures in the disk. 22 The images were obtained within a 500 ps delay increment for 70 ns, and the core displacement from the disk center is shown in Fig. 3͑h͒ . After the core moved to close to the edge of the disk ͑g͒, it shows a one-axial oscillatory motion about the disk center ͓Fig. 3͑h͔͒. The frequency of the core motion is around 50 MHz ͑h͒. The frequency with respect to the disk aspect ratio, thickness ͑40 nm͒/radius ͑3 m͒ = 0.013, is consistent with Fig. 1 of Ref. 22 and Fig. 4 of Ref. 14 which present the core frequency as a function of the aspect ratio.
IV. SUMMARY
We have installed a femtosecond laser system at the BL25SU soft x-ray beamline at SPring-8, and constructed a stroboscopic pump-probe XMCD-PEEM system. The probe was circularly polarized x-ray pulse and the pump was magnetic field pulse created by the femtosecond laser pulse. Using a complex bunch filling mode of the storage ring ͑multi-single-bunches+ one bunch train͒, we synchronized the field pulses to the single bunches and successfully blanked out the signal from the bunch trains by pulsing the channel plate voltage. As a preliminary observation, spin dynamics in micron-sized magnetic elements which contain magnetic vortex structures has been observed.
ACKNOWLEDGMENTS
We are grateful to Masahiro Higashiyama for help in constructing the laser system. The participation of K.A is indebted to Professor A. Kakizaki, University of Tokyo. We also thank Dr. Y. Tanaka and Dr. T. Ohshima installing the delay generator to our laser system. The contribution by Dr. K. Kobayashi ͑NIMS͒ for introducing the PEEM system to SPring-8 is acknowledged. This research was partially supported by the Ministry of Education, Science, Sports and Culture, Grant-in-Aid for Scientific Research ͑S, 18101004͒. 
